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Abstract: Design-build contractors are challenged with the task of minimizing failure risks when
introducing new technical solutions or adapting technical solutions to new conditions, e.g., climate
change. They seem to have a disproportional trust in suppliers and their reference cases and might
not have adequate resources or methodologies for sufficient evaluation. This creates the potential for
serial failures to spread in the construction industry. To mitigate this, it was suggested that a prede-
fined risk assessment framework should be introduced with the aim of providing a prequalification
and requirements for the use of the technical solution. The objectives of this paper are to develop a
comprehensive risk assessment framework and to explore the framework’s potential to adequately
support the design-build contractor’s decisions. The framework uses qualitative assessment, relying
on expert workshops and quantitative assessments, with a focus on simulation and probabilities.
Tollgates are used to communicate risk assessments to the contractor. The framework is applied to a
real-life case study of construction with a CLT-structure for a Swedish design-build contractor, where
exposure to precipitation during construction is a key issue. In conclusion, the chosen framework
was successful in a design-build contractor context, structuring the process and identifying diffi-
culties in achieving the functional requirements concerning moisture. Three success factors were:
documentation and communication, expert involvement, and the use of tollgates. Recommendations
to the design-build contractor on construction of CLT structure are to keep construction period short
and to use full weather protection on site.
Keywords: risk assessment; serial failure; new technical solutions; CLT; moisture; mold
1. Introduction
It is challenging to successfully introduce new technical solutions, i.e., materials,
products, designs, or processes, to the construction industry [1]. Slow adaptation leads
to loss of competitiveness for a design-build contractor and anticipated benefits, such as
reducing greenhouse gas emissions, while too fast an adaptation can result in poor quality
and failure as the performance requirements are not met. Historically, there were issues
with new technical solutions that were insufficiently investigated, and when introduced to
the construction industry, they failed to sustain functional requirements due to deficiencies
in design or production that should be predicted by calculations or other assessments
in the design phase. Multiple cases of this kind of failure were defined as serial failures
in [2]. Serial failures might also occur with traditional technical solutions due to changes in
conditions, e.g., climate change. To support the design-build contractor, a more structured
way is needed than current practice to provide basis for well-founded and documented yet
cost-effective decisions. This paper suggests and demonstrates a risk assessment framework
to guide the design-build contractor to adequately assess new technical solutions identified
to be of potential interest, with the overall aim of reducing serial failures.
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There are several examples of serial failures resulting in high costs in the construction
industry. Three costly Swedish examples of historic serial failures when new or modified
technical solutions were introduced are the outdoor ventilated crawlspaces [3], the EIFS
(Exterior Insulation and Finishing Systems) [4], and the MgO-boards [5]. Overall, the
construction industry battles with high costs for failures. In a report from the Swedish
National Board of Housing and Planning [6], overall cost for failures in the range of 7–11%
of production costs were reported related to performance failures in the Swedish building
sector. Part of these costs can be assumed to be related to serial failures after introducing
new technical solutions. The responsibility of the design-build contractor in relation to
serial failures was pinpointed in two verdicts concerning EIFS in the Swedish Supreme
Court [7]. In the verdicts, it was stated that the contractor could not rely only on common
practice in the industry but had a responsibility to perform adequate verification of the
used technical solution. However, in the verdicts the definition of “adequate verification”
was not defined.
In an interview study exploring introduction of new technical solutions in the Swedish
construction industry [2], the suppliers were found to be the main drivers of introducing
new technical solutions, as well as the main source of information on the new solutions.
The suppliers indicated that they follow a structured innovation process or product devel-
opment process. The product development from the supplier’s perspective can comprise
the steps of planning, concept development, system design, detail design, testing and
refinement, and production rampup [8], resulting in a product ready for customers, e.g.,
design-build contractors. From a design-build contractor’s perspective the supplier’s docu-
mentation must be confirmed and complemented based on the intended application within
the building project in focus. The corresponding project risk management [9,10] handles a
wide array of risks, including technical risks. However, in a literature review [11], a lack of
guidelines and systematic approach for selecting appropriate risk identification techniques
were identified. From a design-build contractor’s perspective, there is also a lack of avail-
able verified documentation and processes to evaluate the new solutions [2]. Another issue
is the lack of available product data and documented experience, such as documented
reference cases. For new technical solutions, this is especially evident. Unfortunately,
there are indications of the use of reference case as basis to implement new technical solu-
tions without having documentation on either the context or the outcome of the reference
projects used [12]. Evidently, a systematic approach for design-build contractors when
introducing new technical solutions are lacking. There are existing frameworks with the
potential of evaluating performance, but there is a discrepancy between practice and theory,
as frameworks are not used in practice in the construction industry when evaluating new
technical solutions before implementing. From a design-build contractor’s perspective,
the models might not be accessible—possibly too time-consuming or too challenging to
practice in building projects—or not applicable to the implementation of new technical
solutions, as the models might focus on addressing issues connected to current solutions.
Aim and Objectives
This paper is part of a research project initiated with the overall aim of contributing
to reducing serial failures related to new technical solutions by proposing a systematic
approach for adequate risk assessment for new technical solutions from the design-build
contractor’s perspective. The risk assessment framework is expected to facilitate and
improve risk assessments before introducing new technical solutions or adapting technical
solutions to new conditions in companies. By the structured approach, the awareness
and knowledge of risk assessment on durability issues are expected to increase within the
involved organizations. The main objective of this paper is to develop a comprehensive risk
assessment framework adapted to a design-build contractor’s perspective and to explore
the potential of the suggested elaborated risk assessment framework to adequately support
the design-build contractor’s decision when implementing new technical solutions, or
adapting technical solutions to new conditions. This is done by applying the framework
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to a real-life case study at a design-build contractor. The second objective is to identify
suggestions for further adjustments of the risk assessment framework from the design-
build contractor’s perspective based on the experiences of the real-life case study. The
study does not include evaluation on the ability of the framework to detect potential serial
failures, nor any comparison with that of other potential frameworks.
2. Background and Applied Method
There are several frameworks and tools for the assessment of durability issues for
buildings, both on building physics simulations and within building projects. There is an
international standard “General principles on the design of structures for durability” [13],
which describes how durability issues can be handled with limit-state and provide a
framework for using mathematical models. Recently, a CIB publication, Guideline on
Design for Durability of Building Envelopes [14], further elaborated the issues addressing
expert practitioners with explicit guidance applicable to a number of identified construction
designs. At the same time, during the last 20 years, more probabilistic methods gained
ground in building physics research. According to [15], the purpose of probabilistic studies
on mold growth was to emphasize uncertainties, evaluate performance with the aim
of differentiating between designs, and evaluate uncertainties and identify important
ones. From the probabilistic methods, there was also an effort to compile the research
results to create accessible models based on advanced simulation tools, such as within the
EU projects RIBuild [16] and Tallfacades [17], to handle internal insulation of historical
buildings and envelopes in wooden structures, respectively, as well as the wall assessment
system BSA [18]. Within predefined boundaries and preset assumptions, the user can
benefit from probabilistic assessment based on large sets of simulations when evaluating
performance of building components; however, when introducing new technical solutions,
these models are usually not applicable as they are based on preset boundaries.
Specifically concerning moisture issues, moisture safety design in building projects
was developed throughout the years, and there is a current Swedish trade standard for
moisture safety in building projects, ByggaF [19], whose explicit purpose is to highlight
moisture issues and document activities and actions required to ensure moisture safety
design in construction projects. One component of the method comprises “dry building
design” with a structured routine and a checklist for the designing engineer to make the as-
sessment. The dry building design routine also allows for conducting a risk analysis. With
the scope to develop and provide decision support data and tools for energy retrofitting
measures, an ambitious IEA annex with researchers in building physics from 15 participat-
ing countries was initiated. A framework for a risk management process concerning issues
of “dry building design” specifically was presented in [20,21] with the aim of providing
instruction on how to analyze the complex retrofitting case and how to identify the risks.
The framework has a detailed step-by-step workflow and is anticipated to be a part of
quality assurance with respect to moisture safety.
The Applied Risk Assessment Framework
The risk assessment framework was adapted from the risk management process frame-
work developed in [21]. To better fit the case of risk assessment of new technical solutions
from a design-build contractor’s perspective, the framework features a complementary
suggestion of organizing a separate assessment project at company level using added
tollgates for management decisions.
The adapted framework is suggested to be applied at a company’s central level, ini-
tiated by management, to evaluate the potential of new technical solution and to define
requirements for prequalification before evaluating and possibly implementing a build-
ing project. By performing a general evaluation, the requirements to be fulfilled within
construction projects can be predefined. Thus, part of the time and resources needed
for evaluation are transferred from the construction project level to company level, to
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ensure adequate time and resources are available for the evaluation and to ensure uniform
evaluation standards.
As the framework is applied by the design-build contractor at a central level, it
should be run as a standalone project initiated and financed by management, led by a
designated project manager who reports to a steering group representing management.
To fit the design-build contractor’s perspective, elements of product development [8]
were implemented where the initiation step was given greater emphasis and tollgates for
management decisions of the design-build contractor were added to structure the process
and to enhance communication. In each tollgate, the steering group decision can be to
proceed, to revise an earlier step or to cancel the assessment. The framework is visualized
in Figure 1.
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decision to proceed, revise, or to not proceed.
Prior to the initiation of the framework, a new technical solution of interest is identified
by management based on documented estimated market potential, and anticipated benefits
together with other information relevant to setting up a scope. The new technical solution
should also be given a descriptive name for identification purposes. The first tollgate,
Tollgate 0, is where the decision to initiate the process or not is taken for an identified new
technical solution. If the process is started, a project manager and a budget is assigned to
set up the scope, according to directives from management. The rationale for this decision
should be added to the documentation.
An overview of the defined steps of the framework are given below; these are further
explored in the case study in Section 3.
• Scope. The scope is a specification of the new technical solution to be assessed and is
important for mutual understanding of what is being assessed. Important stakeholders
should also be identified. The scope should comprise a thorough description divided
into four parts:
• System boundaries. Defining the system to be studied, e.g., spatial scale and
time phase.
• Targets and consequences. Targets define which functional requirements are
studied. Also, the consequences of not meeting functional requirements should
be identified.
• Strategies. The design and constraints are identified. If there are several options
to design, this should be noted.
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• Limitations and assumptions. Limitations of the assessment as well as assump-
tions are documented.
In Tollgate 1, the scope describing the new technical solution is assessed. If it is
accepted, the decision makers agree on the scope as described, and the process proceeds
to a qualitative assessment. The scope can also be rejected or revised. If the scope is
incomplete or not meeting the expectations of the steering group, the scope is revised (blue
arrow). If the scope is considered not viable, the scope is rejected (red arrow). For all
decisions, the rationale for the decision is added to the documentation.
• Qualitative assessment. The qualitative assessment includes risk identification com-
bined with addressing influential factors and their corresponding uncertainties. In
this step, the expert workshop is an important tool together with literature. Factors
of concern can be identified for study in a quantitative assessment. The qualitative
analysis should guide decisions on how to proceed. In Tollgate 2, the process pathway
is decided on. The case could either proceed to reporting or a quantitative assessment.
If the qualitative assessment is incomplete or not meeting the expectations of the steer-
ing group, the qualitative assessment or scope is revised (blue arrow). If the solution
is considered unviable, the solution is rejected (orange arrow). For all decisions, the
rationale for the decision is added to the documentation.
• Quantitative assessment. Based on the identified critical factors and unknowns related
to the fulfilment of the targets defined in the scope, simulations are performed. Impor-
tant steps are identification of a suitable method of analysis, identifying probabilities
and calculating performance of the solution. In Tollgate 3, the current direction of
the process is considered. The case could be accepted to proceed to reporting. If the
quantitative assessment is either incomplete or not meeting the expectation of the
steering group, the quantitative assessment or earlier steps are revised (blue arrow).
If the solution is considered unviable, the solution is rejected (orange arrow). For all
decisions, the rationale for the decision is added to the documentation.
• Evaluation reporting. The input and results of the assessments are compiled, and
recommendations and a relevant specification of requirements are established (again,
from a design-build contractors’ perspective) to serve as the basis of decisions. Ver-
ification and risk mitigation are suggested. The reporting is essential to create a
common understanding of assessment. In Tollgate 4, the full results are assessed. The
case could be accepted based on what was required in the scope (green arrow), or
conditionally accepted before implementation (yellow arrow). The conditions could
concern evaluation during construction and operation. If the solution is considered
not viable, the solution is rejected (red arrow). For all decisions, the rationale for the
decision is added to the documentation.
3. Results from Applying Framework on Case Study
The framework was applied to the case study; the results are presented according
to the steps in the framework. Between each main step of the process, the findings are
summarized for the tollgate. If the process is iterated, new information might be added
to the iterated step, and a new summary of findings provided. To explore the potential
of an elaborated framework for risk assessment for implementation of new technical
solutions, the framework was applied to a new technical solution in a real-life case study.
The new technical solution was selected by a design-build contractor who was building a
multifamily dwelling with a cross-laminated timber structure.
Cross-laminated timber was selected as a study case as it is an example of a recently
introduced technical solution with strong market potential; thus, it is of interest to the
design-build contractor. The anticipated benefits are mainly environmental, with an
expected potential to not only significantly lower greenhouse gas emissions for the building
structure, but also increase the use of renewable materials. Other potential benefits are
lighter structures, shorter construction time, and possibilities of offsite production and good
workability onsite. At the same time, the solution is based on a material that historically was
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associated with moisture issues; issues of moisture conditions during construction of cross-
laminated timber buildings in particular are controversial in both the construction industry
and the research community, e.g., [6,22]. The technical solution cannot be considered a
documented, well-proven solution according to Swedish building regulations [23], and
therefore, the design-build contractor should be concerned with a risk assessment of the
new technical solution.
Based on this, the decision to initiate an assessment was made. The case is elaborately
described in the structure of the assessment in Section 3.1.
3.1. Scope
The first step in the process is establishing the scope to create a mutual understanding
of the case, described as system, targets and consequences, strategies, and limitations of
the scope.
System. The case is defined as a cross-laminated timber structure used for a multi-
dwelling building. The structure comprises structural elements and interconnections.
During the progress of the risk assessment, the system was delimited to moisture safety
in the construction phase. Several stakeholders were identified, and a brief information
scan was performed to identify relevant sources of information. As the focus is on the
construction phase, primarily stakeholders involved in the construction should be part of
the assessment. Stakeholders identified to be involved were developer/client, architect, de-
signing engineers, suppliers, contractors, and estimator. Other identified but not involved
stakeholders are governmental institutions, subcontractors, and insurance companies.
Academic researchers were also represented, however. Relevant sources of information
identified were suppliers’ documentation, handbooks from trade organizations, experi-
ences of individuals, and scientific publications.
Targets and consequences. The focus of the case study is functional requirements on
moisture safety, derived from the Swedish building regulations. No additional require-
ments on moisture safety are anticipated from client or other actors. Only moisture issues
are addressed. After the qualitative assessment, the targets were revisited and further
elaborated with the findings. The first target is defined from the Swedish building regula-
tions, and the second from current commonly applied guidance documents in the Swedish
construction industry with the aim of complying with Swedish building regulations. The
targets are valid both on the structural and detailing levels.
1. Not to exceed critical moisture condition in the CLT structure during construction
phase. Critical moisture conditions often refer to microbial growth, but other unac-
ceptable conditions should also be considered, such as other biological processes,
chemical reactions, moisture-related dimensional changes, or mechanical or thermal
properties [23]. As the suppliers do not provide quantitative data on critical moisture
conditions, the analysis must include this. Consequences of not fulfilling the target
include having to physically remove mold growth onsite.
2. Not to exceed moisture content at the time of built-in or at time-of-operation con-
ditions. Current guidance documents in the trade [24] indicate a moisture content
of below 16% MC, with a surface moisture content below 18% MC. This target is
set to comply with moisture safety design in operation according to the building
regulations. Consequence of not fulfilling the target is having to dry out materials
at site.
Strategies. The studied case is a six-story, multidwelling building with 18 apartments,
using a cross-laminated timber structure (as illustrated in Figure 2a). The CLT wall is
externally insulated onsite, and a ventilated façade is mounted. Bottom floor is a concrete
slab, exterior and interior walls, intermediate floors, and balconies are CLT panels. The
roof is assumed to be of a timber frame construction. The floor height is 3 m (room
height 2.5 m). The building was chosen to be representative in size and type for a new
Swedish multidwelling building. The building is representative of newly built Swedish
multi-dwelling buildings where four to six storys are common [25]. The CLT wall and
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floor panels are assumed to be five-layer panels of different dimensions (as illustrated in
Figure 2b).
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Figure 2. (a) Principal design of CLT structure in studied building. Bottom floor is a concrete
slab; exterior and interior walls and intermediate floors are CLT panels with external insulation
and ventilated façade. (b) Studied wall and floor panels; wall panel with a thickness of 120 mm,
individual layers are 20–30–20–30–20 mm. Single panel is used in exterior walls, and double panels
(2 × 120 mm) with 110 mm insulation between are used in apartment separating walls. Floor panel
with a thickness of 200 mm; individual layers are 40 mm each.
The building is assembled on site. The components are transported and stored in
outdoor climate, usually protected by plastic wrapping for a period of 1–4 weeks. After a
slab on the ground is casted, the CLT structure is mounted, floor-by-floor, ending with the
roof construction and roofing membrane. Joints between panels are sealed on the outside
with tape material as they are mounted. Afterwards, the windows are installed and the
outside of the CLT panels are insulated before installing the façade. The anticipated time
schedule for the construction phase of a six-story multifamily dwelling is shown in Table 1.
Table 1. Typical time schedule for construction phase of a six-story multifamily dwelling. Estimations
on transport/storage based on discussions with a supplier of CLT-products (Martinsons in March
2020); all other estimations based on [22,26].
Short Long Span Application
Transport/Storage 1 w 4 w 1–4 w Material, offsite
Mounting/Floors 1 w by 6 fl = 6 w 1.5 w by 6 fl = 9 w 6–9 w All surfaces
Mounting/Roof 2 w 4 w 2–4 w All surfaces
Facades 6 w 13 w 6–12 w Outer surfaces
Total time 15 w 30 w 15–30 w
Production methods also include onsite protective and remedial actions to mitigate
the effects of precipitation. Protection of the structure can be arranged using full weather
protection to hinder precipitation from reaching the structure, which is further explored
in Section 3.2.3, and also local solutions, e.g., membranes, tape, plastic covers, and other
temporary solutions, to hinder precipitation from affecting specific details; however, these
might need to be combined with different remedial methods during construction, including
raking, wet vacuum, dehumidifiers, and other ways of mitigating the effects of precipitation
on the structure. Consequences of not meeting the targets might be costly. Replacing
materials or drying materials, as well as treating surfaces mechanically and chemically,
come with costs for materials, work, and possibly effects on third parties. However,
neither production costs for handling moisture issues onsite nor for not meeting the
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moisture targets are well explored in literature, but there are indications from the Swedish
construction industry on cost benefits of using weather protection if it is also used to
increase productivity, for example [26].
Limitations and assumptions. The assessment only considers an assessment of the
solution concerning the identified targets during the construction phase. The assessment
does not amount to a full risk assessment when applying the technical solution in a
construction project. Other performance criteria and operating phase requirements should
also be fulfilled. Legal or contractual issues are not handled. Followup of the solution in a
construction project is not handled. Only the CLT structure is included in the assessment.
Tollgate 1
A clear scope with well-defined target was agreed on. There are substantial conse-
quences for the design-build contractor if the targets are not fulfilled. However, there are
no indications of obvious unacceptable obstacles when setting up the scope. Based on the
findings, it is recommended to the management steering group to accept the scope and
proceed with a qualitative assessment concerning building multifamily dwelling with a
cross-laminated timber structure.
3.2. Qualitative Assessment
The qualitative assessment comprises risk identification and addressing influential
factors, uncertainties, and correlations.
3.2.1. Risk Identification
The risk identification is based on literature and on an initial expert workshop and is
developed throughout the process.
A literature search identified several examples of monitoring CLT buildings during
the construction, indicating a significant rise in moisture content in wood during con-
struction [22,27–31]. Several of these studies give indication of significant rise in moisture
content, especially in outer layer of CLT due to precipitation during construction. In
general, the main concern in these studies was to investigate if a drying out process will
take place during operation. Possible damage caused by exceeding critical moisture levels
during construction is not in focus; thus, both targets are not fully covered. Only [22,32]
provided documentation on the mold growth target from a case study, indicating mold
growth due to precipitation during the construction phase. Common conclusion is the im-
portance of moisture safety in design, with emphasis on the design of building components
and detailing.
As for suppliers’ documentation, even though the suppliers did provide reference
cases, these did not comprise any technical documentation, e.g., monitoring of moisture,
mold growth, designs, or conditions at site or evaluation, and therefore, these were con-
sidered to be of little value in the qualitative assessment [12]. Furthermore, the suppliers
set a target on maximum moisture content before built-in, but the onsite instructions were
typically urging “to protect from weather conditions” or “ . . . can come briefly into con-
tact with water”, giving no guidance on how to fulfil the targets. Also, the Swedish CLT
handbook [33] does not hold any information on how to achieve the targets, while the CLT
handbook, US edition [34], lists measures to mitigate moisture at the construction site and
pinpoints weak spots (end-grain and gaps between panel laminations).
The expert workshop on risk identification was performed, as described in [35]. The
risk identification covered the two defined targets as defined in the scope: to not exceed
critical moisture condition in the CLT structure during construction phase, nor to exceed
moisture content of current trade guidance [24] at the time of built-in or at the time of
operation conditions. At the workshop, the construction phase was confirmed as the most
important issue by far, strengthening the choice of study case. The expert workshop was
summarized in an overview of influential factors and their nature of uncertainty on the
case, Figure 3.
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3.2.3. Tollgate 2
The qualitative analysis identified variations, uncertainties, and unknowns concerning
moisture safety during the construction phase. It identified a substantial lack of verified
solutions and documented reference cases that could be used to assess the moisture safety
during the construction phase, especially precipitation on the structure and detailing. There
was a recent increase of interest in academia in the construction phase of CLT structures;
however, little focus on consequences of precipitation during construction, e.g., mold
growth. However, there are no indications of obstacles impossible to mitigate within the
scope of the risk assessment.
Therefore, after an update of the scope with further detailing of the targets according
to the risk workshop, it is recommended to the management steering group to grant
continuation to the identified scope to quantify precipitation loads for different mitigation
strategies as well as their impact on the targets. It is suggested to proceed with a quantitative
assessment, with a focus on the impact of climate conditions both on structure components
and walls and floors as well as identified critical details.
3.3. Quantitative Assessment
The qualitative assessment comprises risk identification and addressing the earlier
identified influential factors, uncertainties, and correlations.
3.3.1. Method of Analysis
The analysis was made in steps, starting with an analysis of the loads on the structure,
followed by an analysis of the performances of system and details of importance.
The surface conditions, temperature, and relative humidity as well as the moisture
content of the outer layer of the CLT panels were simulated using the 1-D hygrothermal
calculation tool WUFI Pro [36]. The mold growth index was calculated according to the VTT-
model [37] using the surface temperature and relative humidity from the WUFI simulations.
Input data are given in Appendix A. The two targets are defined more precisely as:
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1. Moisture content in outer layer (0–20 mm) at time of built-in should not exceed 18%
MC. The moisture content of construction is assessed using data of the last month of
construction to capture variations in conditions.
2. Level of mold growth is assessed at surface 0–6 according to the VTT scale [38]. Mold
growth index >1 indicates initial stages of growth, mold growth index >3 indicates
visible mold. The Swedish building regulations [23] state that the critical moisture
level of a material should take into consideration when the growth of mold begins,
without respect to visibility. Thus, the mold index exceeding 1 is chosen as the limit
for the studied surfaces with a possible impact on the indoor environment [39].
Based on available material properties as investigated in [12], the CLT panels were
simulated as layers of planed spruce separated by glue layers. Although the CLT panels
are products where the suppliers have their own combinations of wooden materials and
glues, the material properties are not explicit for each CLT product. Instead, the material
properties suggested are often based on generic wood properties as well as formulated as
homogenous material properties. This was discussed in [27,31,40–42], where differences
between different materials and products were identified. Of course, the choice of material
properties affects the results.
The target of mold growth is complex, as discussed in [43,44]. There are issues of
estimating load and defining acceptable mold growth. Also, the resilience of CLT products
are uncertain, as no critical moisture levels were given by suppliers [12] and generic data
for wood have to be used. Furthermore, the simulations only cover the construction period,
although the mold growth potential might be underestimated as the material is affected
both before and after the construction period. Depending on the conditions in these phases,
the resulting mold growth index might result in problems.
3.3.2. Analysis of Loads
Different data sets were used for representing outdoor climate. Hourly data were used,
both from “normal year” in the WUFI database and from a dataset of nine consecutive
years (1990–1998). An overview of used climate data is shown in Table 2.
Table 2. Climate data. Overview of yearly averages for three different locations. T=Temperature and RH=Relative





















Göteborg 1 6.3 83.5 961 534 301.7 883 195 3.1
Göteborg 3 8.8 74 1074 3.0
Stockholm 2 7.1 76.9 945 462 305.9 560 188 3.0
Stockholm 3 6.3 79 639 3.1
Lund 2 8.4 81.1 988 522 304.8 638 195 3.2
Lund 3 9.2 81 818 3.5
Impact of outdoor air temperature and relative humidity: The potential of mold
growth on wood depending on outdoor air temperature and humidity, without impact of
radiation, wind, or precipitation, can also be illustrated using a mold prediction model. The
climate of Lund was chosen for study based on Table 2. In Figure 6, the mold growth index
for outdoor air temperature and humidity in Lund is shown, based on the VTT model [37].
The figure shows that the length of the exposure to outdoor climate is critical to mold
growth even without the influence of precipitation; also, the variation is large. Depending
on the time of the year the structure is exposed, a significant difference can be expected.
The figures also show a significant difference between years. The variation of mold growth
potential was also studied in [48], indicating the 90-percentile year to have a double mold
growth potential compared to that of a normal year; thus, the authors argue for quantitative
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methods using probabilistic methods and reliability analysis when assessing the risk of
onset of mold growth. Due to the relatively short construction period, the variations can be
expected to have a stronger impact on the results and must be observed. The mold growth
target might be exceeded by too long exposure to outdoor humidity and temperature,
especially during autumn seasons (construction start in summer).
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Precipitation: The loads on the structure during the construction phase are influenced
by the exposure to precipitation and the time of the exposure. Based on the used climate
files and an anticipated time schedule of construction, the expected precipitation during
the construction period is given in Table 3 as mean values with standard deviation. If
no weather protection is used, the structure will be exposed to the full rain loads. The
exposure of the floor structure is then dependent on the speed of construction (as illustrated
in Figure 7a). The precipitation on the floor panel averages from 12.3 mm to 17.5 mm,
with a standard deviation in the same range. Regardless of the time of the year, it is likely
(p > 0.8) that all floors will be exposed to some precipitation. During almost all year, it is
likely (p > 0.5) at least one of the floors will be exposed to more than 30 mm rain during
construction, even with a short construction period.
Table 3. Horizontal precipitation and driving rain. Yearly mean value and standard deviation for precipitation in Lund.
Depending on the time of year, amounts vary. (Based on SS-EN ISO 15927-3:2009).
Precipitation on Each Floor Each Floor Roof Exterior Wall
Time period 7 days 10 days 30 days 90 days
(mm) (mm) (mm) (mm)
Lund. Horizontal mean * 12.3 17.5 52.5 155.8
Lund. Horizontal std deviation 12.8 15.9 29.6 54.5
Lund. Driving rain mean ** 2.2 3.1 9.4 *** 27.8
Lund. Driving rain std deviation 3.1 3.9 8.0 *** 16.8
* On a horizontal surface ** On a vertical surface in predominant wind direction *** Not relevant for roof.
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The exterior of the structure will be exposed to the full driving rain load until the
façade is completed. The expected driving rain on an exterior wall in the most exposed
direction during the construction period is given in Figure 7b. For a six-story building,
the outside of the top floor wall is exposed to 9–18.5 weeks, whereas the base of the
building is exposed to 14–26 weeks, assuming construction speed as in Table 1. The
accumulated driving rain loads on the base of the building is, on average, 240 kg/m for
a short construction period, and 480 kg/m for a long construction period for a six-story
building. Depending on e.g., splashing, evaporation, intake in wood and in cracks, the
actual a ount hitting t e base will be lower, and at the same time, water can also be
expect d to ac umul te in specific points; it is ther fore important that the detailing of the
base can h ndle these loads.
The precip tation loads have a large variation at construction site depending on the
time of the year, bu there is also a significant variance in precipitation during the relatively
short construction peri d. The probabilities of pre ipitation can be useful to inf rm site
management on the importance of planning actions to protect the stru ture.
Mitigation: Use weathe protection. To protect the structure from precipitation, a
full weather protection cover might be used. Weather protection solutions on the market
are usually m mbrane on a metal structure or scaffolding. These is usually a lack of
options to provide climate control due to the great volume and the lack of insulation and
air tightness of the weather protection cover. If the weather protection is openable, it is
reasonable to assume it is only opened when there is no precipitation. A lack of data
on climate conditions within this kind of structure was identified, and to estimate the
indoor climate in a weather protection, measurements from a construction project were
analyzed [49]. From five months’ hourly measurements of temperature and air humidity
inside the weather protection, as well as outside the weather protection while constructing
a CLT structure, a slight increase in average temperatures within the weather protection
while the average moisture supply was slightly below zero was noted. There was also
an indication that the inertia of the structure resulted in a slight lag for a few hours in
the conditions of the weather protection. As a conclusion, a conservative assumption
as to critical hygrothermal conditions is that the climate inside the weather protection is
assumed to be equivalent to that of outdoors.
3.3.3. Structure Analysis: Exterior Walls
The studied wall is facing the most driving rain exposed direction for the location,
south–southwest.
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Target moisture content: The first target with the criteria for moisture content relates
to the moisture content of the surface when built-in, and the conditions in the surface layer
is simulated. As the criteria relate to the built-in moisture content, cumulative distributions
of moisture content in the outer layer during the last month of construction period are
studied, indicating significant differences between seasons. Simulation results are given
in Appendix B. Occasionally, the moisture content in the outer layer of the CLT panels is
very high, up to 35% if exposed to precipitation. These high levels of moisture content
for CLT panels during construction was also indicated for floor panels at building site by
other researchers in [50]. For the studied case, the target of a surface moisture content
below 18% MC at time of built-in, cannot be expected to be met with adequate confidence
if construction ends in June or September without weather protection. Using a weather
protection, the moisture content is significantly lower all year, less dependent on climate
variations and only occasionally higher moisture content is expected. For the case without
weather protection, the solar radiation affects the moisture content in the wall, indicating a
relatively low moisture content during summer in the wall facing south-southwest. The
moisture content might be higher for other orientations with less driving rain, as these also
are exposed to less solar radiation.
Target mold growth: The second target with the criteria for mold growth relates to
the potential of mold growth depending on conditions of the surface layer during the
construction period. As the mold growth potential on unprotected exterior surfaces is
affected by rain, frost and radiation, current mold growth models are not recommended to
be applied to the case without weather protection, i.e., exposed conditions [39]. However,
because of the high moisture content of the surface material and the prevailing outdoor
temperatures, there is a potential of initiated mold growth that needs to be investigated. In
Figure 8, the anticipated mold growth potential with weather protection is pictured for each
season using the VTT-model using WUFI climate with and without weather protection.
The mold growth potential increases over time for most cases, and if the construction
period is prolonged, a low mold growth potential can be anticipated, even with a weather
protection. As mold modeling is very complex, with high uncertainty, the mold growth
potential of the exterior surfaces should be further validated onsite.
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For the case using a weather protection, si ulations ith the VTT model give the
variation of old gro th index of the surface during the construction period for different
years are sho n in Figure 9. The results sho a significant difference between different
seas s iff r t rs. By using a normal year, the mold growth index seems to
be underestimated. For construction starting in July and October, the normal year ven
returned the lowest value. A faster construction speed will reduce t e igher incidents
significantly, especially if the critical period (late a tumn and winter) can be avoided.
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3.3.4. Structure Analysis: Intermediate Floor
The studied intermediate floor is assumed to be protected from precipitation after the
initial installation period. The case of local exposure is handled in Section 3.3.5.
Target moisture content. The first target with the criteria for moisture content relates
to the moisture content of the surface when built in. For a CLT panel, only the surface layer
is typically significantly affected by the outdoor climate during the construction period,
and the variation between different seasons and years is large. Simulations results are
given in Appendix B. The resulting moisture content depends to some extent on the initial
precipitation, especially for the shorter construction time, but also on the surrounding
conditions during the construction period. For the studied case, the target of a surface
moisture content below 18% MC at time of built-in cannot be expected to be met with
adequate confidence if construction ends in June or September without weather protection
for both construction lengths. For the case with weather protection, the moisture content is
lower all year, less dependent on climate variations, and only occasionally higher moisture
content is expected.
Target mold growth. The second criteria, the criteria for mold growth, relate to
the potential of mold growth depending on conditions of the surface layer during the
construction period. The variation of mold growth index of the floor surface does not
deviate significantly from mold growth index for wall panels when using a full weather
protection. Even the mold growth index of the floor surface exposed to 30 mm initial rain
differs only slightly from the mold growth index of wall panels with weather protection
if water is removed on an hourly basis after rain and no water is trapped in cracks. The
initial higher moisture content in this advantageous case will in most cases dry out without
significantly affecting the mold growth index compared to that of unexposed panels. This
assumes that the panels are exposed to surrounding air and are not built-in during the
studied period, and, more importantly, it could be questioned if panels are without water
trapping cracks.
3.3.5. Detail Analysis: Shafts and Other Leakage
CLT panels in connection to shafts and other leakage are assumed to be exposed to
full horizontal precipitation during the construction period if no weather protection is
applied. These conditions are assumed to be true for a limited area of the intermediate
floor, a perimeter around shafts, and other openings. If a weather protection is used, the
shaft is not an issue as all construction is assumed to be fully protected.
Target moisture content. The moisture content due to exposure of leakage, typically
from a shaft where there is no overlaying floor to protect the structure, is simulated based
on normal year. For all seasons, the moisture content is significantly higher for all the
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surrounding floors comparable to that of the external walls. Except for construction start
in April, there is a significant potential of exceeding the target depending on the length
of exposure. These results can be applied to material in, and close to, shafts. Simulations
results are given in Appendix B.
Target mold growth. The shafts or other leakage are assumed to expose the structure
to precipitation during the construction period, resulting in higher moisture content and a
greater mold growth potential, see Figure 10. Except for construction start in January, it is a
high potential of exceeding the mold growth target. Note the relatively low mold growth
potential of the normal year in comparison to that of other years.
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3.3.6. Detail Analysis: Water Trapping
Several details in the structure result in a potential for water trapping. In the studied
construction interior walls, exterior wall to floor and to socket are identified. The assump-
tion of heavy rains during the part of the construction period where the interior wall is
exposed to precipitation (7–10 days) results in approximately 30 mm of rain in the gap
between CLT anels that must dry out through the panels. This has a high probability to
occur for at least some internal walls, according to Figure 7, re ulting in hig moisture
c ntent during a long period and potential for mold growth. As it is built-in after t e
rainfall with a moisture content over 18% MC, the target is not reached by the criteria for
the target. The drying out within the wall for a normal year also shows a slow process.
Simulation results are given in Appendix B. The mold growth potential is less clear during
the winter period when the temperature is too low to be favorable to mold growth during
construction. However, as the moisture content is high when built-in, the mold growth
potential will be high when heating of the building is started, and this solution should be
avoided if no weather protection is used.
3.3.7. Tollgate 3
The quantitative analysis identified values and probabilities for meeting the targets
to complement the qualitative analysis. The assessment identified a need for precautions
when implementing the solution. However, there are no indications for obstacles impossible
to mitigate within the scope. It is recommended to the management steering group to
grant continuation of the identified scope and to report results together with suitable
requirements for usi the solution, including recomm ndations for weather protection.
3.4. Evaluation Reporting
Based on documentation of scope, together with docu ented qualitative and quan-
titative assessment, the evaluation reporting comprises a summary of requirements and
recommendations.
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Overall, the results indicate moisture uptake with a potential of high moisture content
during the construction phase when exposing CLT structures to precipitation. The moisture
content results are in line with previous studies, where several field measurements were
reported [22,27–31]. The analysis also indicates mold growth mainly driven by exposing
material to precipitation. Studies on mold growth during construction phase are less
common, but results are in line with [22,32]. However, the importance of the construction
period, together with the impact of variations in weather conditions and future climate,
seems to be underestimated in the industry.
• The variation in outcome is large due the relatively short duration of the construction
period, where climate variations have great impact. This should be considered when
evaluating results or reference cases from suppliers or literature. Average years clearly
underestimate especially the mold growth potential and should be avoided. Also,
climate change should be considered in evaluation.
• The season of construction has a significant effect on the set targets. For the chosen
location, completing the building envelope in summer or early autumn is usually
more favorable for meeting the targets, while winter construction is less favorable.
The completion period is sometimes impossible to determine at the design stage.
• A short construction period, i.e., short exposure to outdoor climate, is more favorable
for meeting the target of mold growth.
• Details should always be examined, as water trapping is identified as weak spot. All
details should be qualitatively assessed.
• It is highly likely that the structure will be exposed to precipitation if not using weather
protection. Protecting the construction from water will have a significant effect on the
possibilities of meeting the targets. This is especially evident during the winter/spring
period. For panels with a potential of water trapping, it is always important to protect
from precipitation. Water trapping will result in exceeding the target of moisture
content, and subsequently, also in exceeding the target of mold growth. For free
surfaces, without trapping potential, the effect is smaller. However, the studied CLT
structure provides several vulnerable details with respect to exposure and trapping,
and thus, even if free surfaces are not damaged by the exposure during construction,
the system is no stronger than its weakest details.
These conclusions are valid for the studied location and if conditions in Appendix A
are fulfilled. In each construction project using the technical solution, verifying these
conditions should also be addressed.
The assessment indicates the targets of the assessment are possible to reach, and thus
implementation of the new technical solution is possible within the defined scope and with
the defined prerequisites.
Project scope and project specific data should be required from the suppliers according
to Appendix A before implementing in a construction project. If changes to the scope are
made in a construction project, these should be evaluated by the assessment expert group.
Suggestions on requirements to be in focus of projects are time schedule of construction
phase and detailing.
The results of the study can be communicated to projects using Tables 4 and 5 together
with factors of influence in Appendix A.
A suggestion is to broaden the scope by further exploring the uncertainties in Ap-
pendix A. By using supplementary probabilistic simulations, such as studies of impact of
different geographical locations and orientation of walls, further focus on future climate,
protection strategies during transport, and construction as well as remedies, the applicabil-
ity of the results can increase. Pilot projects should be documented concerning moisture
safety during construction to further explore the uncertainties.
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Table 4. Summary of assessment concerning moisture target for structure exposed respectively
protected by weather protection. Color assessment of risk related to moisture target, as defined in
Section 3.1. Scope (green = low, yellow = medium, orange = high, red = very high).
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Tollgate 4
The evaluation reporting contains a summary of findings and recommendations
based on the risk assessment. If the actual construction period cannot be predicted, it
is recommended to use the least favorable period. As there are significant uncertainties
in predicting mold growth, especially based on short periods of outdoor climate, it is
recommended to sample at site.
From the evaluation, it is recommended to the management steering group to allow
the identified scope using weather protection and prerequisites according to Appendix A
to be us d in construction projects. As there are remaining uncertainti s and a lack of
reference cas s, it is also recommended to do ument pr jects accordi g to Appendix A and
to monitor onsite experiences regarding targets.
4. Experiences and Conclusions from Using the Framework
Throug out the pr cess, experiences of applying the risk asses m nt framework were
noted. For the first step in the framew rk, setting u th scope, the main concerns were to
define an to find adequate detailing of the scope. By selecting a typical buil ing relevant
to the curr nt market and creati g clear targets, the strategies for the building could be
well defined. By d limiting the scope, the resources for assessment could also be focused
for cost-efficiency. However, a more specific case study narrows the applicability of the
study and should be considered when defining the scope. For this reason, the tollgate 1
was perceived as useful, since consensus on scope and its limitations were created before
engaging in more thorough assessment. It also enabled an estimation of resources needed
for qualitative assessment.
For the qualitative assessment identifying risks and influencing factors with related
uncertainties were in focus. An expert workshop with stakeholders was used as the
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main tool for risk identification, together with an information search in literature and
suppliers’ information. Thorough preparations for the workshop and a careful selection of
stakeholders/workshop participants covering all involved competencies were perceived
as the basis of a fruitful workshop and a key to identifying risks. A potential for improving
the results by repeating the workshop with an increased level of detail was suggested, as
the scope was perceived as broad rather than defined. In this study, only one workshop
was held, and thus, the detailed design was not fully explored. The risk identification
and identification of factors and related uncertainties were appreciated; however, it was
perceived by the experts as difficult to assess likelihood and consequences of failure for a
new technical solution. A side effect of the expert workshop was an increase in knowledge
and new insights for the participants, which were highly appreciated by participants. The
qualitative assessment resulted in a clear recommendation in tollgate 2 on proceeding
with a quantitative assessment. However, the task of adequately estimating the resources
needed for the quantitative assessment was perceived as difficult.
The quantitative assessment aimed at quantifying the selected anticipated risks. As a
starting point, several test simulations were performed to identify an adequate method
for the analysis, as well as further determining resources needed. In the studied case,
several uncertainties were identified in the detailing. Preparing material for tollgate 3, the
quantitative assessment was finished on a sufficient level of detailing for decision making,
but with a suggestion that possible further assessments to mitigate the limitations could
be required to cover a broader scope. Also, a longer climate file could be used to get a
better representation of variations in climate, and other locations could be studied. The
decision regarding which level would be adequate was taken by the project manager of the
assessment; however, this decision was also made in tollgate 3.
The reporting’s purpose is not only to summarize the work, but also to provide recom-
mendations and a specification of requirements if implementation is suggested, or reasons
for rejection. Visualizing the results using tables with traffic light colors was perceived
as useful, both for the management decision in tollgate 4 and for the management’s com-
munication of the decision. The importance of applying the design-build contractor’s
perspective was identified, especially which verification of requirements should be re-
quested if the solution was to be implemented in a construction project. In tollgate 4, the
recommendations form the basis of a management decision to accept or reject. Here it was
also noted that all documentation should be compiled and stored, preferably in a data base,
for possible future use.
The use of tollgates has the potential for creating understanding between the design-
build contractor and the risk assessment project manager concerning the adequate scope
and available resources for the assessment. Using a set of questions to answer for each
tollgate, the management could have a good understanding of the case in each tollgate.
Through ongoing communication, the design-build contractor is also better prepared for
the final step and possible implementation or rejection.
As the design-build contractor might lack in-house competence to perform the assess-
ment of a suggested new technical solution, the framework including tollgates also serves
as a tool to aid defining the assessment procedure as well as the adequate resources needed
for an external assessment project manager.
Finally, the findings and experiences of using the framework was used in a SWOT
analysis performed for the framework from the design-build contractor’s perspective (as
illustrated in Table 6).
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Table 6. SWOT analysis for framework from design-build contractor’s perspective.
Strengths:
• An explicit framework with well-defined tollgates
facilitates an adequate evaluation.
• Tollgates with management decision enable involvement
and a structured communication and focus on
design-build contractor perspective, including definition
of scope and adequate level of evaluation.
• The expert workshop set up for risk identification has the
potential of reducing unknown risks, and there is a
possibility of repeating expert workshops to increase the
level of detailing.
• Adequate assessment is facilitated by lifting issues from
project level, enabling allocation of time, resources, and
competence.
• Potential of further elaboration of tollgates to support
design-build contractor’s involvement and perspective.
Weaknesses:
Aspects on how to choose the solutions to be evaluated based
on market potential and anticipated benefits are not
explicit.Only moisture issues addressed in this case study.The
results are on company level and must be adequately
interpreted when implemented in a building project.
Opportunities:
• Cost for failures due to introduction of new technical
solutions are expected to be reduced with adequate
evaluation.
• Well-documented evaluation has the potential of being
reused and updated if new knowledge becomes available.
• Assessment could also be used for existing technical
solutions in new conditions, e.g., due to climate change
Threats:
Business as usual with inadequate ad hoc assessment or
checklists might be perceived as faster and with less (initial)
cost.Lack of available input, e.g., documented material
properties and documented reference cases can compromise the
results.There is a difficulty in choosing the right solutions for
evaluation.
The chosen framework was successful in a design-build contractor context, structuring
the process and identifying difficulties in achieving the functional requirements concerning
moisture. Three success factors were found to be:
# Documentation and communication. All steps should be carefully documented and
filed for possible future use, while the communication material preferably uses clear
visual elements.
# Experts’ involvement. Engaging relevant experts with different perspectives in a
structured workshop to identify factors of concern should be studied. As the solutions
are new, a full identification of risk exploration is crucial.
# Tollgates. Using tollgates to achieve a structured communication between the design-
build contractor and the project manager of the assessment of the new technical
solution to achieve an adequate assessment and communication of results.
Three prioritized suggestions for future work were found to be:
# Other case study. Apply the risk assessment framework to a new technical solution
of different characteristics to explore the potential of the framework in a different
setting.
# Tollgates. Further explore the tollgates establishing generic questions to be answered
at the different stages. This would facilitate the process for the design-build contractor,
and thus, potentially increase the use of the framework and reduce serial failures.
# Reference cases. Develop an assessment of a reference case to define different levels
of adequate documentation for reference cases to serve in qualitative assessment.
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Appendix A. Factors of Influence
Parameter Factors Variation Unknown In Data
Conditions
Material property Critical moisture conditions
Natural variations of wood
are known to be significant.
Critical moisture condition
not given by suppliers.
Assumed to be equivalent to
values of spruce in VTT-model.




Unknown effect of weather
protection on climate.
Field measurements used to
















Use monthly average for actual
location to predict moisture
content at site. Normal year
given in WUFI/real measured
data from a series of years.
Duration, time from supplier
to site
Time depending on supplier.
A common spread between
1–4 weeks given suggested by
supplier.
Often not defined by
contractor.
Time between supplier and
mounting is set to four weeks.
Material properties,
CLT panels
Natural variations of wood
are known to be significant.
Material properties of
product partly unknown.
Often generic or homogenous
material data given by
supplier. Partly unknown




data underestimate MC in outer
layer. Deterministic generic data
from WUFI “Spruce radial” used.
Glue approximated from data
from ETH to µ = 333 (d = 1 mm).
Protection strategies
Protection strategies often not
defined by contractor.
Unknown effect of wrapping.
Assuming protected from
precipitation but exposed to
outdoor humidity.
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Parameter Factors Variation Unknown In Data
Moisture Uptake from
Air Humidity
Outdoor climate Geographical location, season
Variations between locations,
seasons, and years.
Normal year typically lack
extreme periods.
For each location, climate in
WUFI and real measured data
from a series of years from LTH.
Four seasons.
Indoor climate Onsite moisture production
Moisture production at site
usually unknown in amounts
and time.
Assume onsite moisture
production is lower than air flow
rates can handle.
Production: dehumidifiers,
air flows, and heating
The effect of dehumidifiers
and heaters on site often
unknown. Air flows on site
not known to contractor.
No dehumidifier or heating
assumed. Assume air flow rate is
high and the surrounding air
temperature and humidity to be
equivalent to outdoor conditions.
Duration of exposure Time schedule
Construction time schedule
perceived to have a common
spread between 13 and 26
weeks, as suggested by
suppliers.
Delays may occur.
Use two different time schedules,





Natural variations of wood




given by supplier. Surfaces
can be order treated. Surfaces
might be soiled.
Surfaces assumed planed,
untreated, and clean. Other
properties as above.
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As above As above As above
Weather protection
Effect and duration of
weather protection
Ranges from no weather
protection to full weather
protection.
The effect of full weather
protection is not fully
understood, e.g., degree of
protection. The use of
weather protection is decided
by contractor.
The weather protection provides
100% protection from
precipitation. If used it is
assumed to be operating from
day 1 of mounting of structure to
building envelope is sealed.
Water removal Time of water on surface
Ranges from no water
removal to a 24/7 call
removal. Structure and
inclination of surface varies
with design, partly
depending on workmanship.
The use and the effect of
reactive measures, runoff,
and water trapping are partly
unknown. The water removal
remedies are decided by
contractor.
Water is assumed to be removed
every hour from surfaces. Water
is assumed to have the potential
to runoff, except for specifically





The effect of precipitation to
surfaces is not fully known.
Other uncertainties as above.
Driving rain is assumed to be
0.1*rain*wind velocity, using
most exposed direction. 30% of
driving rain assumed to bounce
off. Rain at floor is all horizontal
rain. Other properties as above.
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Figure A9. Moisture content in outer layer of floor panel (0–20 mm of 200 mm panel). Four different
seasons using WUFI normal year for Lund. Structure exposed to precipitation.
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